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The photonic crystal fiber (PCF) is a unique medium
giving us the opportunity to perform experiments
in carefully chosen regimes with precision and
control. Using PCFs, we can perform analogue
gravity experiments to study the physics of Hawking
radiation and related processes such as resonant
radiation. We discuss the similarities and differences
between these processes and experimentally investigate
the limits of effects of this type, discovering a
new regime of record efficiency. We measure a
60% energy conversion efficiency from a pump
to a visible femtosecond pulse by the process of
resonant radiation, and demonstrate its extraordinary
tunability in wavelength and bandwidth. Beyond
analogue gravity, these femtosecond visible pulses
provide a desirable laser source useful across a variety
of modern scientific fields.
1. Introduction
Hawking radiation [1] was suggested as the first
mechanism by which black holes could emit light
from the event horizon. This mechanism involves the
spontaneous creation of a particle-antiparticle pair near
to the event horizon with the velocity of one particle
causing it to escape while the velocity of the other leads
it to fall in, which can also be seen as the scattering of
the quantum vacuum. To an observer at infinity, one of
these particles is seen to have positive energy and the
other negative, or more formally one has positive ‘norm’
and the other negative ‘norm’. While Hawking radiation
itself is strictly defined as spontaneous pair creation near
the event horizon of an astrophysical black hole, it is one
particular instance of a more general effect of emission
into positive and negative norm partner modes which we
could call the Hawking process.
In 1981, Unruh founded the field of analogue gravity
[2], leading to the realisation of analogue systems in
which the Hawking process could be observed.
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To date, the Hawking process has been studied in a huge variety of condensed matter systems
[3–7], with universality of the effect providing strong evidence for the existence of Hawking
radiation. While the Hawking radiation is an extremely weak effect, when the same process is
taken into an experimental laboratory we can do much to increase its detectability. Most notably
we can, instead of using the vacuum state as input as in the astrophysical case, use a stimulating
mode in order to increase the efficiency of pair creation in the Hawking process by many orders
of magnitude.
In order to perform these experiments, the behaviour of the condensed matter systems
involved must be studied intensely. In such study, it is no surprise that much interesting physics
can be explored. In Section 2 of this paper, we will review the fibre-optical analogue gravity
scheme [3]. In Section 3, we will present our original experimental findings from studying the
mode conversion processes possible in this scheme. In Section 4, we will describe the wider
implications of our findings beyond the analogue gravity context.
2. Optical Fibres for Analogue Gravity
Optics is a particularly well suited toolkit for performing analogue gravity experiments. There
exist a variety of mechanisms with which an experimentalist can create optical event horizons
[3,8,9]. There also exist the technologies to allow us to extract and manipulate individual emitted
quanta, and the possibility to reduce the optical and thermal backgrounds to levels which
allow sensitivity to the single particle, important for detecting weak effects. In addition to these
experimental capabilities, there exist recent theoretical calculations to support analogue gravity
in optical systems [10–16]. In this paper, we will focus on the fibre-optical scheme for analogue
gravity.
(a) Nonlinearity
Figure 1. Cartoon of a photonic crystal fibre with the core in light grey and a propagating pulse temporal profile in red.
The blue lines represent the event horizons, the border between the sub- and super-luminal regions. Above is a graph
of pulse and probe group velocity explaining that a probe of carefully chosen frequency can experience both sub-luminal
and super-luminal regions due to the Kerr Effect as it propagates in the fibre .
As a pulse of light propagates in a highly nonlinear photonic crystal fibre, the refractive index
increases underneath the pulse due to the Kerr effect [17]. Other ‘probe’ waves that propagate in
the same fibre experience this refractive index increase as a slowing of their speed when they are
near the pulse [3]. Figure 1 shows how this effect leads to the generation of sub-luminal and super-
luminal regions separated by optical event horizons (blue) which exist for certain frequencies of
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probe light. This scheme gives us two event horizons in the reference frame of the pulse at which
the probe speed is slowed to the pulse speed, one on the leading edge of the pulse and one on the
trailing edge. It can be shown that a mode conversion process that takes place at these horizons
is an analogue to the astrophysical Hawking radiation realised in a dispersive system [3].
(b) Dispersion
Figure 2. Dispersion relation of an example PCF in a) the laboratory frame and b) the reference frame of the pulse.
The light blue lines in both plots represent constant ω’; at the pulse frequency (red, green, blue) and an external probe
frequency (yellow, orange, pink, purple). Details of the dispersion relation near k=0 are neglected in a).
Of great importance to this scheme is the dispersion relation of the PCF, as this dictates
the allowable modes that can propagate in the fibre. It consists of a positive branch and,
symmetrically, a negative branch, represented by the black curves in Figure 2(a). A scattering
process occurring in the reference frame of the pulse is governed by the conservation of frequency
in this frame. Lines of constant moving frame frequency (blue in Figure 2(a)) are tilted on the
laboratory frame dispersion relation and so scattering in the moving frame allows for conversion
to modes with different laboratory frame frequencies. This frequency conversion at a moving
scatterer is a familiar situation from the Doppler Effect. The tilting of the moving frame frequency
matching condition (ω’=const.) allows for coupling to other modes on both the positive and
negative branch of the dispersion relation. From a quantum fields perspective, we have modes
on the positive frequency branch represented by the annihilation operator and on the negative
frequency branch, now the Hermitian conjugate, represented by the creation operator. If our input
is allowed to scatter to a linear combination of these positive and negative norm modes, then this
process is represented by a Boguliubov transformation, giving us the creation of non-degenerate
entangled photon pairs [18]. This is an example of the Hawking process, realised in an optical
fibre.
(c) Resonance
If we transform Figure 2(a) by plotting the vertical axis in the reference frame of the pulse, then
the ω’=const. condition becomes a horizontal line as seen in Figure 2(b). This can be seen as a
resonance condition that shows which modes are available to scatter into. The horizontal axis
remains in the laboratory frame, allowing us to simply find the wavelengths at which photons
may be experimentally detected. In the moving frame, the pulse is at rest at the minimum of the
dispersion relation due to the gradient representing the group velocity. We can see that there is
one other point with gradient zero that is group velocity matched to the pulse. There are two other
solutions with the same moving frequency as the pulse, as seen by the resonance condition, one
called resonant radiation (RR) on the positive branch [19,20] and one called negative resonant
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radiation (NRR) on the negative branch [21,22]. Given some coupling, the pulse is free to send
photons to either of these solutions as long as total energy and momentum conservation are
obeyed. Additionally, if we send another external input, a ‘probe’, labelled ’IN’ in Figure 2(b), into
the fibre then this too has resonant modes into which it can scatter by the ω’=const. condition, on
both the positive and negative branches [3].
The positive resonant radiation has been around in the literature for decades [19,20], with
experimental confirmation following the development of the photonic crystal fiber [23–25]. The
detection of negative resonant radiation was much more recent [21]. This detection of NRR, in
both optical fibres by the König group and in crystals by the Faccio group, was an important
milestone as this was the first demonstration of coupling to negative norm modes. The scattering
of probe light has also been investigated experimentally, into positive norm modes [3,26,27] and
much more recently into negative norm modes [28].
3. Resonant Radiation and Hawking Radiation
(a) Interaction Length
Resonant radiation and the Hawking process differ in one important aspect that leads to vastly
different experimental observations. In the case of the probe input scattering to positive and
negative norm modes, the probe has a velocity mismatch to the pulse so that the probe runs
into the pulse and scatters from the refractive index profile. This interaction can only exist over a
finite length, depending on the relative velocity and pulse lengths. The resonant radiation process
on the other hand is stimulated by the pulse photons themselves and so has an infinite interaction
length. In this way, the resonant radiation case can be seen as the ideal limiting case of this type
of interaction, with potentially much higher experimental efficiencies [26].
(b) Pulse Compression
In addition to this, if the pulse is launched in the anomalous dispersion regime of the optical fibre
then because of the interplay of the dispersion and nonlinearity of the fibre, the pulse undergoes
temporal self compression and spectral broadening [17,22]. At the input of the fibre the pulse is
tens of nanometres in bandwidth but after a very short time of propagation this increases to many
hundreds of nanometres and begins to overlap with the wavelength of the resonant radiation.
This mode overlap or coupling between the pulse and the resonant radiation gives a huge boost to
the efficiency, and this method has been used to demonstrate large energy conversion efficiencies
of up to 40% from an infra-red pulse to the visible [29–31]. This is only possible in the resonant
radiation case due to the fact that the pulse self-stimulates the resonant conversion, and this same
trick can not help us boost the conversion efficiency from the external probe in the Hawking
process case.
(c) Efficiency
The pulse compression effect depends finely on the input parameters of the pulse; particularly the
power, the wavelength, and the chirp. In our laboratory we made an experiment to see just how
efficient this process could become. We sent short 50 fs pulses through dispersion compensation
and power control into a photonic crystal fibre (NLPM760, NKT Photonics) with zero-dispersion
wavelength 760nm, nonlinear coefficient 0.1W−1m−1 and core size 1.6µm. The polarisation of
the input pulses was aligned with the axis of birefringence that gave the lowest resonant radiation
wavelength in this polarisation maintaining fibre. We investigated the effect of finely tuning the
input parameters on the output spectrum, measured with an optical spectrum analyser sensitive
from 350− 1750nm. At very low powers, the output spectrum is negligibly different to the input
spectrum in Figure 3(a), but as we increase the pulse energy to 0.24nJ as in Figure 3(b), the
nonlinearity begins to compete with the dispersion and strong spectral broadening begins to
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Figure 3. a) Fibre input spectrum around 830nm. b)-d) Fibre output spectra after propagating through 1.5 cm of PCF at
pulse energies of b) 0.24 nJ, c) 0.48 nJ, d) 1.01 nJ. The three (green) output spectra b)-d) are normalised relative to each
other, while the (red) input spectrum a) is at an arbitrary normalisation.
occur. By 0.48nJ as in Figure 3(c), the broadening is sufficient to strongly couple the pulse to the
resonant mode and large peaks start to occur at the resonant wavelength at the expense of power
in the original pulse wavelengths. At input energies of 1.01nJ the pulse has been reduced to a
spectral intensity far below that of the visible peak at the fibre output, with a broadened pump
remainder extending up to approximately 1500nm. Using a thermal power meter sensitive to
light up to 10µm, the power content of the visible resonant radiation at the output of the fibre
was measured as a fraction of the total fibre output power. In the best case, we have measured a
record 60% energy conversion efficiency from 830nm input pulses to femtosecond visible pulses.
By this resonant process, governed by the same mechanism as the classical (stimulated) Hawking
process, energy has been extracted from the pulse so far as to destroy the analogue event horizon
system, demonstrating the potential strength of these resonant effects.
4. Applications
(a) Pulse Length
Because of the high degree of pulse compression involved in the collapse of the pulse, we might
expect that the resonant radiation is a femtosecond pulse itself, perhaps even shorter than the
input pulse. In order to more fully characterise the visible pulses generated in this resonant
radiation process, we measure the temporal length using the method of XFROG (cross-correlated
frequency resolved optical gating) [32].
This method involves sending the fibre output from the resonant radiation generation along
with a synchronised unchirped reference pulse into an autocorrelator as shown in Figure 4(a).
In order to create the reference pulse, a fraction of the input pulse that generates the resonant
radiation was taken. For this reason, the resonant radiation in this case was generated at a lower
than the optimal efficiency from Section 3, using an unchirped input pulse. After the two pulses
enter the autocorrelator, they are both split into two copies, one of which travels along an arm
6rspa.royalsocietypublishing.org
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Figure 4. a) Experimental setup used for XFROG measurements. The source is a titanium-sapphire laser, with half-wave
plate (HWP) and polarising beam splitter (PBS) for power control, lens to couple into PCF and beamsplitter (BS) to
recombine the beams into the autocorrelator (AC). b) Output FROG trace of the whole fibre output combined with the
800 nm reference pulse, with arrival time on the horizontal axis and sum-frequency generation (SFG) wavelength on the
vertical axis.
of the autocorrelator which changes its length during a scanning procedure. In this way, the
reference pulse is temporally scanned across the fibre output in a sum-frequency generation
crystal, producing a signal that depends on the intensity and wavelength of any fibre output
present at each delay time. Because both the reference pulse and the fibre output are split into
both arms of the autocorrelator, the trace has the same behaviour in both positive and negative
delay, giving temporal symmetry along the delay axis when the system is correctly aligned.
The signal is displayed as a 2d plot in Figure 4(b). It contains multiple parts. Firstly, scanning
the two copies of the reference pulse across each other gives an autocorrelation at label A with
background at all times generated by each of the copies of the reference pulse individually at label
B. At both positive and negative delay times, the cross correlation of the reference pulse with the
fibre output gives peaks C and D. Peak C is from a red component generated in the non-optimal
pulse collapse. Peak D is the main result of this measurement - the cross correlation of the visible
resonant radiation peak with an unchirped reference pulse of known duration.
Using this method, the duration of the visible resonant radiation can be retrieved using
the known duration of the reference pulse and properties of the convolution of approximately
Gaussian pulses. We infer the visible peak to be as short as 39 fs, significantly shorter than the
80 fs input pulses used for this measurement.
The tilt of peaks C and D indicates that the fibre output has a small amount of chirp on
it. Interestingly, the curve through C and D traces the shape of the dispersion relation of the
fibre in which the resonant radiation is generated, reaffirming that the chirp on this fibre output
was mainly caused by propagation through excess fibre medium. Using the fact that resonant
radiation is created in an extremely small time window in an extreme pulse collapse, we can
predict that resonant radiation generated very close to the end of the fibre would be smaller
than 39 fs, closer to the bandwidth limited value. This potential for extremely short pulses makes
resonant radiation particularly appealing as a method of generating visible laser sources [35].
(b) Tunability
As well as the high efficiency, the resonant radiation process allows for extreme wavelength
tunability over the whole of the visible range by changing the input parameters of the probe
and the 1.5 cm fibre. Figure 5(a) shows a variety of fibre output spectra taken with a spectrometer.
This demonstrates that using input wavelengths of 800-830nm and fibres with zero-dispersion
wavelengths of 670-780nm, the output resonant radiation peak can be tuned throughout the
visible. The demonstrated >300nm wavelength tunability, making use of several PCFs, is in
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Figure 5. a) A variety of fibre output spectra showing tunability of the resonant radiation across the whole visible spectrum,
normalised where possible. The narrow peaks on the left are the resonant radiation, and the other features in the infra-red
are the pump remainder. b) Two fibre output spectra showing how the sensitive pulse collapse dynamics can be exploited
to generate both very narrowband and very broadband outputs. In each plot, the fibre types and input wavelengths used
to generate each spectra are listed.
excess of that achieved with single tapered fibres [33], while using much shorter wavelength,
lower energy pulses from a Ti:Sapphire laser rather than the fiber laser used in that work.
The resonant radiation wavelengths produced in these fibres is typically easier to determine
experimentally than theoretically, as the fibre dispersion parameters needed for this calculation
are not known with high precision. Also, the intense pulse makes a strong nonlinear modification
to the dispersion relation, shifting the resonant radiation wavelength in some cases over 100nm
bluer of where the linear dispersion relation predicts.
Tunability of the output bandwidth is also possible. When the power is not much higher than
at the onset of the resonant radiation effect, the visible peaks created are relatively spectrally
confined to smooth, roughly Gaussian, peaks of approximately 10nm FWHM. Larger powers
usually distort and broaden the produced spectrum significantly. However, even at these larger
powers it is possible to find small regions in parameter space that allow for the generation of
visible peaks even more spectrally confined than those at lower powers by exploiting the violent
and sensitive dynamics of the pulse collapse. Exploring small positive chirps and large powers,
a similar regime to that of the highest efficiency, sharp resonant radiation peaks of down to 6nm
FWHM have been generated, as seen in Figure 5(b). The converse is similarly possible. Launching
the linearly polarised pulse at an angle not precisely aligned with the axes of symmetry of the
fibre causes resonant radiation to be simultaneously generated by perpendicular components
of the birefringent fibre, spreading the resonant radiation spectrum. In addition, changing the
input chirp and wavelength of the pulse has an important effect on the bandwidth of the
resonant radiation. Combining all of these effects at our disposal, output spectra reminiscent of
supercontinuum spanning many hundreds of nanometres can be generated as in Figure 5(b). This
is not unprecendented given the importance of resonant radiation in supercontinuum generation
in PCFs [34], although it is typically assisted by many other nonlinear processes in longer
fibres than were used here. Due to the femtosecond nature of the input pulse, these extremely
broadband spectra are expected to be coherent, although the input pulse energies for these
extremely broadband spectra are typically < 0.5nJ, lower than in the regime of high efficiency
resonant radiation.
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(c) Modern Physics Applications
These efficient and tunable femtosecond visible pulses are in high demand in fields like ultrafast
microscopy, short pulse bioimaging, astrocomb generation and coherent supercontinuum
generation [35]. These pulses are usually generated by frequency doubling a suitable laser
source, an expensive process for which the highest reported conversion efficiency is 53% in
the femtosecond regime [36]. Remarkably, these resonant radiation experiments can take place
in nothing more than 1cm of commercially available photonic crystal fibre, making the cost of
the laser converter minimal. So in the quest to perform analogue gravity experiments we have
inadvertently produced an important laser application.
5. Conclusion
Our journey into fibre optical analogue gravity has led to a deeper understanding of the processes
responsible for realising a dispersive stimulated analogue to the astrophysical Hawking radiation.
We have performed an investigation to find under which conditions conversions of this type
are most efficient. This led us to investigate the low cost and robust mechanism of resonant
radiation as a possible future laser source. We found an unprecedented degree of tunability in
both wavelength and bandwidth and potential for extremely short and desirable femtosecond
visible pulses. We also demonstrated a record 60% energy conversion efficiency from 830nm
input pulses to femtosecond visible pulses. These measurements will be substantiated in future
publications. It is an inevitability, with the level of understanding of our systems required to
perform analogue gravity experiments, that we should make interesting discoveries along the
way when we stop to enjoy the view, and this is never more true than in the rich and fruitful area
of study of nonlinear fibre optics. Our work is potentially the first of many applications to come
out of analogue gravity physics.
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